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Real-time Online earthquake Simulation
Spectral-element method
ShakeMovie
ShakeMapWe developed a Real-time Online earthquake Simulation system (ROS) to simulate regional earthquakes
in Taiwan. The ROS uses a centroid moment tensor solution of seismic events from a Real-time Moment
Tensor monitoring system (RMT), which provides all the point source parameters including the event ori-
gin time, hypocentral location, moment magnitude and focal mechanism within 2 min after the occur-
rence of an earthquake. Then, all of the source parameters are automatically forwarded to the ROS to
perform an earthquake simulation, which is based on a spectral-element method (SEM). A new island-
wide, high resolution SEM mesh model is developed for the whole Taiwan in this study. We have
improved SEM mesh quality by introducing a thin high-resolution mesh layer near the surface to accom-
modate steep and rapidly varying topography. The mesh for the shallow sedimentary basin is adjusted to
reﬂect its complex geometry and sharp lateral velocity contrasts. The grid resolution at the surface is
about 545 m, which is sufﬁcient to resolve topography and tomography data for simulations accurate
up to 1.0 Hz. The ROS is also an infrastructural service, making online earthquake simulation feasible.
Users can conduct their own earthquake simulation by providing a set of source parameters through
the ROS webpage. For visualization, a ShakeMovie and ShakeMap are produced during the simulation.
The time needed for one event is roughly 3 min for a 70 s ground motion simulation. The ROS is operated
online at the Institute of Earth Sciences, Academia Sinica (http://ros.earth.sinica.edu.tw/). Our long-term
goal for the ROS system is to contribute to public earth science outreach and to realize seismic ground
motion prediction in real-time.
 2014 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license.1. Introduction
Ground motion prediction is a major focus in seismological re-
search. In order to simulate an earthquake, three important com-
ponents need to be taken into account: the source, path and site
effects. Fully 3D earthquake simulation using computational seis-
mology techniques is the key to resolving this challenge. Seismol-
ogists can analyze observed seismograms and synthetic waveforms
to study the earthquake source, including the focal mechanism and
rupture processes. If the source information is well known, proper-
ties of the Earth’s interior can also be investigated through theinversion of seismic data using travel time or seismic waveforms
in tomographic studies (e.g. Dziewo´nski et al., 1981; Woodhouse
and Dziewonski, 1984).
Taiwan is situated in a collision zone between the Philippine
Sea plate and the Eurasian continental margin (Tsai et al., 1977;
Wu, 1978; Lin, 2002) with a convergence rate of about 80 mm/year
(Yu et al., 1997). This extremely rapid rate of crustal deformation
results in high seismicity in this region. Studies of seismic source,
path and site effects have been widely conducted in Taiwan. To
understand path effects, several tomographic 3D velocity models
have been proposed, including Ma et al. (1996), Rau and Wu
(1995), Kim et al. (2005), Wu et al. (2009) and Kuo-Chen et al.
(2012). For local, small-scale velocity structures and site effects,
such as those in the Taipei basin, geology and reﬂectivity surveys
can provide more detailed structural information. For example,
Wang et al. (2004) used reﬂectivity proﬁles and well log data to
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geometry and seismic wave speeds of the shallow sediments in
the basin.
With regards to source effects, small earthquakes can be treated
as a point source. Centroid moment tensor (CMT) inversion is one
of the common ways to retrieve point source characteristics. In Tai-
wan, CMT inversions are routinely performed by the Broadband Ar-
ray in Taiwan for Seismology (BATS, Liang et al., 2002; Kao et al.,
2002) and the Central Weather Bureau (CWB). Similar to source
inversions performed for southern California earthquakes (Liu
et al., 2004), Lee et al. (2013) used 3D grid-distributed Green func-
tions and a grid search scheme to monitor in real time moment
tensors and focal mechanisms for earthquakes in Taiwan. For
earthquakes with larger magnitude (MP 6), ﬁnite fault rupture
needs to be considered to describe how the slip occurs on the fault
plane (Wald and Heaton, 1994). In this case, the 3D Green func-
tions, which can provide more precise path information, will help
to improve the source inversions. For example, Lee et al. (2006)
used 3D Green functions to constrain the 1999 Chi-Chi earthquake
source rupture process. With complete source, path and site
knowledge, earthquake simulations can be carried out with higher
precision. Lee et al. (2007) reconstructed the wave propagation
time history of the 1999 Chi-Chi earthquake using a 3D source
model and 3D velocity model based on a ﬁnite-difference method.
Forward simulations can aid in investigating anomalous seismic
wave propagation phenomena, such as basin ampliﬁcation effects
(Lee et al., 2008a,b; Miksat et al., 2010), scattering and focusing
due to surface topography (Ma et al., 2007; Lee et al., 2009a,b).
Taking advantage of rapid developments in computational
capabilities over the last decade, near real-time earthquake simu-
lations can now be carried out. Tromp et al. (2010) proposed a near
real-time system for simulating global CMT earthquakes. When an
earthquake with a magnitudeP5.5 occurs anywhere in the world,
the system uses a trigger from the Global CMT project to initiate
calculations for a 3D earthquake simulation. Similar procedures
can also be applied to simulate regional events, e.g., the southern
California ShakeMovie (http://shakemovie.caltech.edu). In spite of
these achievements, realistic ground motion simulations at regio-
nal scales still pose several challenges, namely (1) the need of rapid
and precise source information, (2) knowledge of detailed 3D
wave-speed structure, (3) an efﬁcient numerical method to simu-
late seismic wave propagation, and (4) an appropriate computing
facility for simulations accurate up to the target frequency. All of
these requirements make regional earthquake simulations even
more difﬁcult to be realized in real-time.
In this study, we built an accurate SEM mesh model for Taiwan
using up-to-date geophysical and geological data ﬁrst. This new
SEMmeshmodel covers a much larger region than previous efforts.
Several synthetic benchmarks are carried out to investigate perfor-
mance of different resolution of SEM mesh models. The possibility
of real-time earthquake simulation for RMT (Real-time Moment
Tensor monitoring system (Lee et al., 2013)) events is then dis-
cussed. According to these results, we develop a Real-time Online
earthquake Simulation system, or ROS (http://ros.earth.sini-
ca.ed.tw). The purpose of the ROS system is to provide a visualiza-
tion of ground shaking (a so-called ShakeMovie) and a peak ground
motion distribution (a so-called ShakeMap) in real-time (5 min)
once an earthquake occurs.2. Regional earthquake simulations
In order to obtain precise regional earthquake simulations, de-
tailed structural models need to be carefully incorporated into
the numerical mesh. To accommodate complex surface topography
as well as highly variable low wave-speed sedimentary basins inTaiwan, we use a spectral-element method (SEM) to simulate seis-
mic wave propagation. The SEM is a numerical technique devel-
oped 30 years ago to address problems in computational ﬂuid
dynamics (Patera, 1984). It is based upon a weak formulation of
the equations of motion and naturally incorporates topography.
Komatitsch and Vilotte (1998) and Komatitsch and Tromp (1999)
provided a detailed introduction to the SEM for 3D seismic wave
propagation. The method has been subsequently applied in many
areas of seismology (e.g., Komatitsch et al., 2002, 2004; Chaljub
et al., 2003; Lee et al., 2007, 2008a,b).
Fig. 1 shows the SEM mesh that we have developed for Taiwan.
The size of the region is 279.27 km  428.42 km horizontally and
+3.93 km to 110.00 km vertically. This model covers most of
the land and parts of the offshore areas of Taiwan, which enables
us to handle potentially large earthquakes from offshore regions,
such as the southernmost Ryukyu subduction zone (Hsu et al.,
2012). In addition, this model is the ﬁrst one for an island-wide
mesh of Taiwan based on SEM. To study the 3D wave propagation
of 1999 Chi-Chi earthquake, Lee et al. (2007) developed a second-
order ﬁnite-difference model for Taiwan. However, only a large
scale tomographic velocity model was considered in that study,
the surface topography and subsurface structures were not been
incorporated. Lee et al. (2008a,b, 2009a,b) introduced several
newmesh implementations and applied them for the seismic wave
propagation studies which focused on the Taipei Basin and north-
ern Taiwan. Here, we built an accurate SEM mesh model for the
whole Taiwan which covers a much larger region than previous ef-
forts. We have incorporated most of the currently available rele-
vant seismological and geological information in the model,
including a large-scale tomographic velocity model, sedimentary
plains, surface topography, basin geometry and its 3D wave-speed
heterogeneity. This new SEM mesh model provides an accurate 3D
wave propagation simulation based upon the SEM in island-wide
scale.
2.1. 3D velocity model
The large scale tomographic model used in this study is derived
from Kuo-Chen et al. (2012). This is an up-to-date tomographic
model of Taiwan, which uses seismic travel times to constrain
the velocity distribution beneath the study area. The smallest grid
interval of this background tomographic model is 4 km horizon-
tally and 2 km vertically. The smallest shear wave speed in the
model is 2.45 km/s. The Moho has not been accounted for in the re-
gional tomographic model, because its precise shape beneath the
Taiwan region is still not clear. Throughout the entire model, den-
sity is deﬁned based upon the empirical rule q = Vp/3 + 1280
(McCulloh, 1960; Stidham et al., 2001) and is constrained to lie be-
tween 2000 and 3000 kg m3. Two SEM mesh proﬁles across Tai-
wan in an E-W direction are shown in Fig. 1. Several
characteristics are evident in these proﬁles, such as the low veloc-
ity sedimentary in the Western Plain, higher velocity in the Central
Mountain Range (CMR) at shallow depth, low velocities in the shal-
low parts of the Longitudinal Valley, the root of CMR dipping to-
wards the east with a relative low velocity, and the subducting
slab observed beneath the northeast offshore area. All of these
model characteristics are consistent with recent tectonic studies
of the area (Suppe, 1981; Teng, 1990; Wu et al., 1997).
2.2. Topography
Performing simulations with realistic ground surface variation
is important since topography can inﬂuence ground motion, with
generally, an increase of the amplitude of shaking at mountain tops
and ridges, whereas valleys have reduced ground motion (Scott
et al., 1997; Ma et al., 2007; Lee et al., 2009a,b). To accommodate
Fig. 1. SEM mesh built for Taiwan. Currently available relevant seismological and geological information is incorporated in this model, including a large-scale velocity model
(Kuo-Chen et al., 2012), sedimentary plains, surface topography (40 m DEM), basin geometry and its 3-D wave-speed heterogeneity (Wang et al., 2004). The size of the region
is 279.27 km  428.42 km horizontally and +3.93 km to 110.00 km vertically. The average distance between Gauss–Lobatto–Legendre grid points in the horizontal direction
is 136 m at the surface. Two cross sections across Taiwan in the E–W direction are also shown.
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duced a newmesh implementation using so-called ‘‘control layers’’
to improve mesh quality and related numerical stability of the ex-
plicit time integration scheme. We use this implementation here;
realistic topographic structures in Taiwan are thus efﬁciently
incorporated in the SEM mesh (Fig. 2). Topography at the top of
the model is deﬁned based upon a 40 m Digital Elevation Model
(DEM). The DEM data will be re-sampled onto grid points which
depends on the resolution of SEM mesh model. A control layer
(buffer layer) is implemented beneath the model surface and is
used to reduce mesh distortions due to steep topography. The
characteristics of topography and bathymetry in the vicinity of Tai-
wan are obvious: the elevated Central Mountain Range and Eastern
Coastal Range, Longitudinal Valley at the suture zone, as well as the
Ryukyu Trench offshore of northeastern Taiwan, where the Philip-
pine Sea plate subducts under the Eurasia plate (Fig. 1).
2.3. Basin
Sedimentary basins can amplify ground shaking during an
earthquake (Graves, 1998; Olsen, 2000; Lee et al., 2008a,b). Unfor-
tunately, Taipei city, one of the most densely populated metropol-
itan areas in Taiwan, is situated on a shallow sedimentary basin
(the Taipei Basin). Over the past twenty years, seismic disasters
in the Taipei metropolitan area, particularly the 21 September
1999 Chi-Chi (MW 7.6) and 31 March 2002 east coast (ML 6.8)
earthquakes have caused signiﬁcant damage with considerable
casualties (e.g. Wen et al., 1995; Wen and Peng, 1998; Chen,
2003). Thus, it is important to understand wave propagation in
the basin through numerical simulation. In our SEM model, the
3D basin geometry and related wave-speed model are derivedfrom Wang et al. (2004), combining seismic reﬂection data and
borehole logs to characterize the tertiary basement, the quaternary
layers above the basement and their compressional- and shear-
wave speeds. The slowest compressional- and shear-wave speeds
in the basin model are 1.50 km/s and 0.34 km/s, respectively.
Hauksson et al. (1987) determined a shear quality factor of 90
for the Los Angeles basin. Due to a lack of better attenuation infor-
mation, we adopt the same shear quality factor for the Taipei basin
and a Q of 500 everywhere else, i.e., relatively strong attenuation in
the sediments and weak attenuation in the bedrock. We embed the
basin model in the regional tomographic model as discussed in the
previous section. A proﬁle across the Taipei basin is shown in Fig. 3.
The mesh for the shallow sedimentary basin is adjusted to account
for the complex geometry and sharp lateral wave-speed contrasts.
It is noted that the Taipei basin is relatively shallow (the deepest
part of the basin is only about 1000 m) compared to the entire
SEM model (the greatest depth is 110 km).
2.4. Model resolution versus performance
There is a trade-off between model resolution and numerical
cost. In order to optimize performance for different purposes of
simulation, we build four SEM meshes for Taiwan with different
mesh resolutions. The parameters of these four models are listed
in Table 1, and the two models with lowest and highest mesh res-
olution are shown in Fig. 4a and b respectively. The model dimen-
sions (280  428  114 km3) are the same in all four models,
however, the size of the mesh cells varies to accommodate differ-
ent resolutions. The distances between Gauss–Lobatto–Legendre
(GLL) points in the horizontal direction are approximately 545 m,
272 m, 136 m and 68 m, respectively. The high-resolution,
Fig. 2. SEM mesh implementations for topography. Topography at the top of the model is deﬁned based upon a 40 m Digital Elevation Model (DEM). The DEM data is re-
sampled onto grid points with about 500 m spacing. A control layer (the buffer layer, shown by the thick red line) is implemented beneath the model surface and is used to
absorb mesh distortions due to steep topography. The characteristics of topography and bathymetry in the vicinity of Taiwan are also shown, such as the Central Mountain
Range, Eastern Coastal Range, Hsuehshan Range, Western Foothills and the Longitudinal Valley at the suture zone. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)
Fig. 3. SEM mesh proﬁle across the Taipei basin. The mesh for the shallow sedimentary basin is adjusted to account for the complex geometry and sharp lateral wave-speed
contrasts. The two main control layers that we introduce for the basin, the buffer layer and the basement layer, are indicated by the red dotted and blue solid lines,
respectively. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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incorporated in all four models. But because the size of the Taipei
basin is small (20  20 km2) and its depth is shallow (1 km), the
3D basin geometry is represented accurately only in the highest
resolution mesh. As shown in Fig. 4, the smaller the size ofspectral-element mesh, the higher the resolution of the surface
topography that can be accommodated. The major topographic
characteristics in Taiwan, such as the Central Mountain Range,
Longitude Valley, Coastal Range and the Ryukyu trench, nonethe-
less appear clearly in the two models. Noticeably, the distribution
Table 1
Model parameters of the four SEM meshes with various resolutions.
SEM mesh Models Model A Model B Model C Model D
Dimension XYZ (km3) 280  428  114 280  428  114 280  428  114 280  428  114
Slices along X 8 8 16 16
Slices along Y 12 16 16 32
Total MPI process (CPUs) 96 128 256 512
Spectral elements along X 128 256 512 1024
Spectral elements along Y 192 384 768 1536
GLL points along X (at surface) 513 1025 2048 4097
GLL points along Y (at surface) 769 1537 3074 6145
Average distance along X (m) 545.4 272.7 136.3 68.2
Average distance along Y (m) 557.8 278.9 139.4 69.7
With 3D basin velocity Yes Yes Yes Yes
With 3D basin geometry No No No Yes
Dt between time step (sec) 0.024 0.008 0.005 0.002
Memory/MPI Slice (Mb) 105 150 224 415
Avg. timing per time step (s) 0.06 0.19 0.52 2.43
Timing for 70 s simulation (hh:mm) 00:03 00:26 02:09 22:45
Fig. 4. Two different SEM meshes with variable resolution. The average distance between Gauss–Lobatto–Legendre grid points in the horizontal direction are: (a) 545 m
(Model A in Table 1), and (b) 68 m (Model D in Table 1). A high-resolution, small-scale 3D wave-speed model of the Taipei basin is incorporated in these two models, but the
3D basin geometry is represented accurately only in Model D. It should be noted that the distribution of 3D velocity patterns is almost identical in the two models. Detailed
model parameters are listed in Table 1.
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cause the resolution of large-scale tomography (4 km in the hor-
izontal direction) is far lower than the largest distance between
GLL points (545 m in Model A). The resolution of all four models
is sufﬁcient to resolve tomography for simulations accurate up to
1.0 Hz.
To keep the simulations stable, a smaller mesh size implies a
smaller time step in the explicit time integration scheme. This im-
plies that a higher-resolution model needs more compute time
(see Table 1). The timing for a simulation of 70 s of ground shaking
for these four models ranges from several minutes to 23 h. It
takes only 3 min to complete a 70 s simulation in the lowest reso-
lution model. Such a greatly reduced simulation time enables real-
time earthquake simulation.
A comparison of synthetic waveforms of the vertical component
of the velocity waveﬁeld obtained from different models for the 22
September 2011 Hualian earthquake (ML 4.8, Mw 4.3) is shown in
Fig. 5. The waveforms are ﬁltered in different frequency bands.
Four ﬁltered period ranges are considered: 1–50 s, 2–50 s, 3–50 s
and 6–50 s. The synthetic waveforms determined for the different
models are almost identical in the low frequency bands (T = 3–50 s
and 6–50 s). It is expected that as the frequency band becomeslower, for instance T = 10–50 s, the synthetic waveforms will
match the observations closer. However, some waveform discrep-
ancies are observed at higher frequency, especially for the period
range 1–50 s. Waveform and arrival times of P waves are compara-
ble, but later phases, including the S wave, reﬂections, and scat-
tered arrivals, are mismatched in amplitude. These mismatches
in synthetic waveforms mostly occur in the low resolution models.
As discussed previously, the resolution of the large-scale tomo-
graphic model is far lower than the SEM mesh. Thus, differences
in synthetic waveforms at high frequency could be due to the fact
that the low resolution model is not capable of fully incorporating
topography and accurately simulate topographic effects, such as
scattered waves and their constructive/destructive interference.3. Real-time online earthquake simulation
3.1. The ROS
Based on the SEM mesh model (Model A in Fig. 4 and Table 1)
presented in the previous section, we develop a Real-time Online
earthquake Simulation (ROS) infrastructure to conduct online
Fig. 5. Comparison of synthetic waveforms of the vertical component of the velocity ﬁeld computed for the four different models shown in Table 1. The legend at lower right
indicates the smallest distance between GLL points. The 22 September 2011 Hualian earthquake (ML 4.8, Mw 4.3) is simulated. Waveforms are band-pass ﬁltered with
different period ranges: (A) 1–50 s, (B) 2–50 s, (C) 3–50 s, and (D) 6–50 s.
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provide real-time ShakeMovie and ShakeMap simulations for
earthquakes occur in Taiwan automatically. Second, it can be used
by scientists and for the public to obtain earthquake simulation re-
sults for user-inputted source parameters.
Fig. 6 shows a ﬂowchart for the ROS. The system is based on the
concept of cloud computing. For the real-time event simulation,
the system simulates regional seismic events using the CMT solu-
tion determined by Real-time Moment Tensor monitoring system
(RMT, http://rmt.earth.sinica.edu.tw). RMT takes advantage of a
grid-based moment tensor inversion technique and real-time
broadband seismic recordings to automatically monitor earth-
quake activities in the vicinity of Taiwan. The centroid moment
tensor (CMT) inversion technique and a grid search scheme are ap-
plied to obtain the information of earthquake source parameters,
including the event origin time, hypocentral location, and moment
magnitude. All of these source parameters can be determined
simultaneously within 117 s after the occurrence of an earthquake.
These source parameters are forwarded to the ROS system once an
earthquake is detected. More details about the RMT are discussed
in Lee et al., 2013.For user-inputted source parameters, people can use their
own computer and login to the ROS via the ROS webpage
(http://ros.earth.sinica.edu.tw) to design their own simulations.
A set of source parameters can be selected and submitted to
the ROS server. Source parameter inputs (double-couple point
sources) are: (1) seismic moment magnitude, (2) hypocenter
location (longitude, latitude and depth) and (3) focal mechanism
(strike, dip and rake angles). When the system receives the
inputs from RMT or worldwide users, the large scale velocity
model and SEM mesh data are generated from a data grid server.
Once all components (source, wave-speed and meshes) are
incorporated, the simulation based on SEM is carried out on a
high-performance computing cluster (currently the Green cluster
in the Institute of Earth Sciences, Academia Sinica). Output from
the simulation is subsequently analyzed by another server, and
the results are stored into the data grid server that becomes a
part of the numerical earthquake database. At the same time,
the user can visualize the simulation results on the screen,
including the ShakeMovie and ShakeMap that are created at
the end of simulation. The time needed for one simulation is
Fig. 6. Flowchart of the ROS system. When the system receives the input source parameters from RMT or worldwide users, the large scale velocity model and SEMmesh data
are generated from a data grid server. Once all components (source, wave-speed and meshes) are incorporated, the simulation based on SEM is carried out on a high-
performance computing cluster. Output from the simulation is subsequently analyzed by another server, and the results are stored into the data grid server that becomes a
part of the numerical earthquake database. At the same time, the user can see visualized simulation results on the screen, including the ShakeMovie and ShakeMap that are
created at the end of simulation.
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in the near future with the evolution of computer technology.
3.2. ShakeMovie
An example of visualized ground shaking time history (Shak-
eMovie) for the 22 September 2011 Hualian earthquake (ML 4.8,
Mw 4.3) is shown in Fig. 7 (in the style of the ROS webpage; see also
http://ros.earth.sinica.edu.tw/download/3571.gif). Snapshots of
the vertical component of the velocity waveﬁeld (low-pass ﬁltered
with a corner frequency of 0.8 Hz) are presented. The P wave
reaches the ground surface with relatively weak amplitude at
approximately 3 s. After 6 s, the slower but stronger S wave
reaches the seabed and then propagates toward Taiwan. The wave-
fronts slow down and are dramatically distorted due to the low
shear-wave speeds in the Longitudinal Valley. When the waves
propagate into the Central Mountain Range (CMR), they are signif-
icantly scattered by topography, thereby reducing ground motion
in western Taiwan, such as near the Kaohsiung metropolitan area,
which is located at the western side of the CMR.
Surface waves (predominantly Rayleigh waves) propagating
after the S wave are observed in the Western Plain after 40 s.
These surface waves are generated by reﬂections and mode con-
versions at the free surface and at the shallow sedimentary layers
where seismic energy is trapped and reﬂected within the low
wave-speed sediments. After 50 s, the main body-wave phases
have propagated out of Taiwan. However, some areas continue to
shake for several seconds. This longer ground shaking results fromtwo different sources: (1) trapped and reﬂected waves from the
sedimentary plain and basin as described earlier, and (2) reﬂected
and refracted waves generated by scattering from the mountains.
It should be noted that in the Taipei basin, even though covered
by sedimentary deposits, ground motions are not signiﬁcantly af-
fected by this earthquake. This result illustrates the fact that local
geology is only one of the ampliﬁcation factors. Source characteris-
tics and interactions of seismic waves with surface topography
should also be taken into account.
3.3. ShakeMap
A visualization of peak ground acceleration (PGA) (a ShakeMap)
is provided on the ROS webpage once the simulation is completed
(see Fig. 7). Large PGA values are controlled by the source radiation
pattern and local geology. Because the epicenter is close to the east
coast, source radiation dominates the PGA distribution in near
source areas. Apparent ampliﬁcation is observed in the Longitudi-
nal Valley and along the Coastal Range, with relatively large PGA
values compared to their surroundings. Combined source radia-
tion, topography and sedimentary ampliﬁcation effects produce
large PGA values in eastern Taiwan. Northern and southern Taiwan
exhibit relatively small PGA values, even in the Taipei metropolitan
area, which is located on top of a sedimentary basin. Note that
some anomalously high PGA values are predicted to be associated
with mountain ridges and peaks. The same phenomenon can also
be found in offshore areas associated with rapid variations in
bathymetry. This is due to topographic ampliﬁcation effects,
Fig. 7. Example of online earthquake simulation results on the ROS webpage (http://ros.earth.sinica.edu.tw). The ground shaking time history (ShakeMovie) for the 22
September 2011 Hualian earthquake (ML 4.8) is shown. Source parameters taken from RMT are presented in the upper-left panel. Snapshots display the vertical component of
the velocity ﬁeld (low-pass ﬁltered with a corner frequency of 0.8 Hz). The peak ground acceleration (PGA) distribution (ShakeMap) is also provided at the end of simulation.
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2009a,b). Due to a lack of station coverage in mountainous areas,
the ROS can provide a more complete ground motion time history
and densely distributed synthetic PGA values based on physics-
based numerical simulations.
4. Discussion
4.1. Observations versus synthetics
In order to evaluate the quality of ROS simulations, we compare
observed and synthetic waveforms for the 22 September 2011
Hualian earthquake. Source parameters (hypocentral location and
moment tensor) are obtained from the RMT report. Since the
RMT used low frequency signals of real-time broadband data in
the CMT inversion, we ﬁrst analyze BATS (Broadband Array in Tai-
wan for Seismology) waveforms in the pass band T = 10–50 s (the
same as that used in RMT). Results show that the ﬁt is excellent
for low frequency signals for all three components (Fig. 8a–c).
For the period range T = 6–50 s (Fig. 8d–f), the ﬁt is also good atmost of the stations, with a few exceptions (ANPB, WFSB and
TWKB) which have a low signal-to-noise ratio in this frequency
band. However, when going to higher frequencies (T = 3–50 s), as
expected, the ﬁt between observations and synthetics becomes
worse (Fig. 8g–i). Amplitudes and arrival times of major phases
(P and S waves) are comparable, but later phases, such as surface
waves, reﬂections and scattered arrivals, are not in good agreement
with observed waveforms. We have shown that topographic effects
are nearly identical for different mesh resolutions in the period
range T = 3–50 s (see Fig. 5c). Thus, the less accurate ﬁt in this fre-
quency band might be due to the fact that the resolution of the
large-scale tomographic model is still not precise enough to ex-
plain seismic signals at periods shorter than 3 s. Indeed, there are
several important structures that will need to be conﬁrmed by
the next generation of tomographic studies, for example, shallow
sedimentary structures, the exact plate boundary between the
Philippine Sea Plate and the Eurasian Plate, and the Moho depth
distribution beneath Taiwan. Thus, building accurate numerical
wave-speeds and structure models for Taiwan will continue to be
a topic of future interest.
Fig. 8. Comparison of observations and ROS synthetic waveforms for the 22 September 2011 Hualian earthquake. Source parameters used in the simulation are shown in
Fig. 7. Black lines are observations, and red lines are the simulations for the vertical component of the velocity vector. Observations and synthetic seismograms are band-pass
ﬁltered within different period ranges: (A, B, C) 10–50 s, (D, E, F) 6–50 s, and (G, H, I) 3–50 s.
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shown in Fig. 9. Observed PGA values are obtained from the norm
of all three components of the acceleration vector, low-pass ﬁl-
tered with a corner frequency of 1.0 Hz, for comparison with the
corresponding simulations. The half-duration of the moment-rate
function (a Gaussian) is set to 0.5 s in the SEM simulation. Theagreement between PGA for predictions and observations is good,
even at high frequencies (see Fig. 9). This is partly expected, since
the PGA measure is much less rigorous than the wiggle-for-wiggle
matching of waveforms. Large PGA values are centered on the epi-
center, as expected. Some areas exhibit anomalous PGA values,
such as the Coastal Range and part of the Western Foothills, but
Fig. 8 (continued)
Fig. 9. Comparison of observations and ROS synthetic peak ground accelerations (PGAs) for the 22 September 2011 Hualian earthquake, whose epicenter is shown by blue
star: (A) synthetic PGA distribution determined by the low-resolution mesh (Model A in Table 1), and (B) synthetic PGA distribution determined by the high-resolution mesh
(Model D in Table 1). A close-up view is shown in the panel to the right. Observed PGA values are obtained from the norm of all three components acceleration waveform,
low-pass ﬁltered with a corner frequency of 1.0 Hz. Squares represent BATS stations, and triangles show the CWB RTD stations. Red lines show the main active faults in
Taiwan. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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source radiation pattern. The other anomaly in the synthetic PGA
pattern is due to topographic effects. In the mountainous area,
especially the CMR, mountain tops and ridges usually have ampli-
ﬁed PGA. This phenomenon becomes much stronger in the high-
resolution SEM model, as shown in Fig. 9b. In general, the spatial
pattern of the PGA distribution in the low resolution model
(Fig. 9a) is comparable with observed data and with result deter-
mined from the high-resolution model shown in Fig. 9b. This indi-
cates that the ShakeMap determined by the ROS based on the low-
resolution model can provide a reliable reference for rapid seismic
hazard assessment.
4.2. Near real-time simulations of large earthquakes
The current ROS system uses CMT solutions from the RMT,
which is a point source representation. For larger-sized earth-
quakes (MP 6), source complexity cannot be ignored and a ﬁ-
nite-source model must be considered to describe earthquake
rupture. In order to perform more precise ground motion simula-
tions for a large earthquake, it is necessary to consider a detailed
ﬁnite source model. In ﬁnite source studies, the fault plane solu-
tion, which is usually retrieved from the CMT inversion, must be
available ﬁrst. Based on a grid-based inversion technique, i.e. GRiD-
MT in Japan (Tsuruoka et al., 2009) and RMT in Taiwan (Lee et al.,
2013), a series of better-ﬁt solutions can be inferred based on a grid
search process. We are planning to improve the technique to deter-
mine multiple source CMTs of large earthquakes in near real-time.
This grid-based multiple source inversion technique, using a ﬁnite-
source model approach, can help to reduce the time needed to ana-
lyze the source characteristics of a large earthquake. Once multiple
CMT sources of a large earthquake are obtained, a follow-up earth-
quake simulation can be performed in near real-time. This ap-
proach is still under development, and it will be applied to ROS
in the near future.
4.3. Earthquake hazard assessment
Routine CWB (Central Weather Bureau) earthquake reports pro-
vide information about earthquake origin time, location, magni-
tude and an intensity map within about 5 min after the
occurrence of an earthquake. If the earthquake has a larger magni-
tude, a moment tensor inversion is also performed. Because thisFig. 10. Timelines of the ROS, CWB earthquake report, and P-wave, S-wave and surface-w
denotes the time to obtain information on earthquake origin time, location and magni
earthquake report, including event time, location, magnitude, focal mechanism and P
earthquake report in this study, including event time, location, moment magnitude, mom
at Tf2.analysis is not performed automatically, it requires time to obtain
the CMT solution, usually more than half an hour. Here, we use the
CMT solution determined by the RMT as the input source parame-
ters for the ROS system. All point source parameters, including
event time, location, moment magnitude and moment tensor,
can be obtained simultaneously within two minutes. These source
parameters are then forwarded automatically to the ROS system,
and then the earthquake simulation is completed in three minutes.
Thus, a ShakeMovie and ShakeMap can be determined in about ﬁve
minutes after the occurrence of an earthquake.
Compared to the routine CWB earthquake report, the ROS has a
greatly improvement time-to-solution, including a focal mecha-
nism, ShakeMovie and ShakeMap (Fig. 10). This is very important
for rapid response in the context of seismic hazard assessment.
For example, when a large earthquake occurs in central Taiwan,
nearly all of Taiwan will be impacted due to strong ground shaking,
especially the metropolitan areas. If source information can be ob-
tained within two minutes, especially the focal mechanism, ground
motions and PGA patterns can be determined after about ﬁve min-
utes, thereby providing appropriate government agencies more
time to make emergency response decisions. In this case, the ROS
will make a signiﬁcant contribution by providing critically needed
information regarding dense ground shaking, especially in areas
where there is lack of seismic stations.
It is noticed that the low-frequency simulation below 0.3–
0.1 Hz (T > 3–10 s) cannot apply for simulation of PGA, shaking
intensity, and thus, the damage of buildings that occur due to
high-frequencies over 1–2 Hz or more higher. However, the simu-
lation results based on this system could be still useful for evaluat-
ing the possible damages caused by long-period ground motions,
such as skyscraper and huge bridge that have lower natural
frequency.
4.4. Future work
The ROS system can perform a complete earthquake simulation,
including ShakeMovie and ShakeMap visualization, within about
5 min after an earthquake (3 min after RMT). This time will of
course further decrease in the future with the evolution of com-
puter technology. For instance, Komatitsch et al. (2010) have
shown that graphics processing units (GPUs) can be used to further
increase performance of a spectral-element code. We will try to
utilize this technique in ROS system. It is expected that by usingave arrivals for large Taiwanese earthquakes. T0 indicates the event origin time. T1
tude; the CMT solution and focal mechanism are determined at T2. The CWB ﬁnal
GA (or intensity) distribution, is obtained at Tf1. The computational seismology
ent tensor determined from RMT, and ShakeMovie, ShakeMap from ROS, is obtained
S.-J. Lee et al. / Journal of Asian Earth Sciences 87 (2014) 56–68 67SPECFEM3D on a cluster of GPUs, the simulation at a regional scale
can be sped up by an order of magnitude, which means the simu-
lation for Taiwan could be carried out in about 20 s or less. In such
a case, the numerical simulations might be obtained before true
ground shaking occurs in areas located far from the epicenter. This
will lead to an interesting situation in earthquake simulation in
which ground motion predictions for some regions will become
feasible.
By collecting all numerical results, including real-time source
parameters (event time, location, magnitude and focal mechanism)
and numerical ground motion simulations (ShakeMovie, Shake-
Map and synthetic seismograms), a numerical earthquake data-
base will be established for earthquakes in Taiwan. Furthermore,
real-time earthquake simulations and experiences gained in Tai-
wan could also be applied to other areas of the world with high
seismic hazard.
5. Conclusions
We have developed a Real-time Online earthquake Simulation
system (ROS) to simulate regional CMT events in Taiwan reported
by the Real-time Moment Tensor monitoring system. Simulations
are based on a spectral-element method, in which we improved
the quality of the mesh and numerical stability. The resolution of
the mesh at the surface of the model is about 545 m, which is suf-
ﬁcient to resolve tomographic models and perform accurate simu-
lations up to 1.0 Hz.
The ROS is operated as an infrastructural service, which
makes online earthquake simulation feasible. Users can design
their own earthquake simulation by selecting source parameters
through the ROS webpage. Visualization of the ShakeMovie and
ShakeMap is performed during the simulation. On current com-
puting hardware it takes only about three minutes to simulate
70 s of ground motion. The ROS system is on standby 24 h a
day for simulating forthcoming seismic events, and, at the same
time, the earthquake simulation service is available to the public.
The long-term goal for the ROS system is to realize real-time
ground motion predictions and to contribute to public earth
science education.Acknowledgements
We used the open source SPECFEM3D software package
(www.geodynamics.org, last accessed April 2013) developed by
Komatitsch et al. (2004) in this study. We would thank Dr. Carl
Tape for his comment and suggestions, which signiﬁcantly im-
proved the quality of the paper. We would also like to thank Mr.
C.L. Tsai for technical support of the ROS webpage. All online sim-
ulations and visualizations were carried out on IES’s Green cluster.
This research was support by Academia Sinica (AS) funded through
the Taiwan Numerical Earthquake Model (TNEM) project with
grant number 102-Investigator Award-02. The study was also sup-
ported by the Taiwan Earthquake Research Center (TEC) funded
through the National Science Council (NSC) Grant number NSC
100-2628-M-001-007-MY3. The TEC contribution number for this
article is 00099.References
Chaljub, E., Capdeville, Y., Vilotte, J.P., 2003. Solving elastodynamics in a ﬂuid-solid
heterogeneous sphere: a parallel spectral element approximation on non-
conforming grids. J. Comput. Phys. 187 (2), 457–491.
Chen, K.C., 2003. Strong ground motion and damage in the Taipei basin from the
Moho reﬂected siesmic-waves during the March 31, 2002, Hualien, Taiwan
earthquake. Geophys. Res. Lett. 30, 1151–1154.Dziewo´nski, A., Anderson, D., 1981. Preliminary reference Earth model. Phys. Earth
Planet. Inter. 25, 297–356.
Graves, R.W., 1998. Three-dimensional ﬁnite-difference modeling of the San
Andreas fault: source parameterization and ground-motion levels. Bull.
Seismol. Soc. Am. 88, 881–897.
Hauksson, E., Teng, T.L., Henyey, T.L., 1987. Results from a 1500 m deep, three-level
downhole seismometer array: site response, low Q values, and fmax. Bull.
Seismol. Soc. Am. 77, 1883–1904.
Hsu, Y.J., Ando, M., Yu, S.B., Simons, M., 2012. The potential for a very large
earthquake along the southernmost Ryukyu subduction zone. Geophys. Res.
Lett. 39. http://dx.doi.org/10.1029/2012GL052764.
Kao, H., Liu, Y.H., Liang, W.T., Chen, W.P., 2002. Source parameters of regional
earthquakes in Taiwan: 1999–2000 including the Chi–Chi earthquake sequence.
Terr. Atmos. Oceanic Sci. 13, 279–298.
Kim, K.H., Chiu, J.M., Pujol, J., Chen, K.C., Huang, B.S., Yeh, Y.H., Shen, P., 2005. Three-
dimensional Vp and Vs structural model associated with the active subduction
and collision tectonics in the Taiwan region. Geophys. J. Int. 162, 204–220.
Komatitsch, D., Tromp, J., 1999. Introduction to the spectral-element method for 3-
D seismic wave propagation. Geophys. J. Int. 139, 806–822.
Komatitsch, D., Vilotte, J.P., 1998. The spectral-element method: an efﬁcient tool to
simulate the seismic response of 2D and 3D geological structures. Bull. Seismol.
Soc. Am. 88 (2), 368–392.
Komatitsch, D., Ritsema, J., Tromp, J., 2002. The spectral-element method, Beowulf
computing and global seismology. Science 298, 1737–1742.
Komatitsch, D., Liu, Q., Tromp, J., Süss, P., Stidham, C., Shaw, J.H., 2004. Simulations
of ground motion in the Los Angeles basin based upon the spectral-element
method. Bull. Seismol. Soc. Am. 94, 187–206.
Komatitsch, D., Erlebacher, G., Göddeke, D., Michéa, D., 2010. High-order ﬁnite-
element seismic wave propagation modeling with MPI on a large GPU cluster. J.
Comput. Phys. 229 (20), 7692–7714. http://dx.doi.org/10.1016/
j.jcp.2010.06.024.
Kuo-Chen, Hao, Wu, F.T., Roecker, Steven W., 2012. Three-dimensional P velocity
structures of the lithosphere beneath Taiwan from the analysis of TAIGER and
related seismic data sets. J. Geophys. Res. 117, B06306. http://dx.doi.org/
10.1029/2011JB009108.
Lee, S.J., Ma, K.F., Chen, H.W., 2006. Three dimensional dense strong motion
waveform inversion for the rupture process of the 1999 Chi–Chi, Taiwan,
earthquake. J. Geophys. Res. 111, B11308. http://dx.doi.org/10.1029/
2005JB004097.
Lee, S.J., Chen, H.W., Ma, K.F., 2007. Strong ground motion simulation of the 1999
Chi–Chi, Taiwan, earthquake from a realistic 3D source and crustal structure. J.
Geophys. Res. 112, B06307. http://dx.doi.org/10.1029/2006JB004615.
Lee, S.J., Chen, H.W., Huang, B.S., 2008a. Simulation of strong ground motion and 3D
ampliﬁcation effect in the Taipei Basin by using a composite grid ﬁnite-
difference method. Bull. Seismol. Soc. Am. 98, 1229–1242. http://dx.doi.org/
10.1785/012/0120060098.
Lee, S.J., Chen, H.W., Liu, Q., Komatitsch, D., Huang, B.-S., Tromp, J., 2008b. Three-
dimensional simulations of seismic wave propagation in the Taipei basin with
realistic topography based upon the spectral-element method. Bull. Seismol.
Soc. Am. 98, 253–264. http://dx.doi.org/10.1785/0120070033.
Lee, S.J., Chan, Y.C., Komatitsch, D., Huang, B.-S., Tromp, J., 2009a. Effects of realistic
surface topography on seismic ground motion in the Yangminshan region
(Taiwan) based upon the Spectral-Element Method and LiDAR DTM. Bull.
Seismol. Soc. Am. 99, 681–693. http://dx.doi.org/10.1785/0120080264.
Lee, S.J., Komatitsch, D., Huang, B.S., Tromp, J., 2009b. Effects of topography on
seismic wave propagation: an example from northern Taiwan. Bull. Seis. Soc.
Am. 99 (1), 314–325.
Lee, S.J., Liang, W.T., Cheng, H.W., Tu, F.S., Ma, K.F., Tsuruoka, H., Hitoshi, K., Huang,
B.S., Liu, C.C., 2013. Toward real-time regional earthquake simulation I: Real-
time Moment Tensor monitoring (RMT) for regional events in Taiwan. Geophys.
J. Int. http://dx.doi.org/10.1093/gji/ggt371.
Liang, W.T., Kao, H., Liu, C.C., 2002. The current status of the Broadband Array in
Taiwan for Seismology (BATS), IRIS Annual Meeting.
Lin, C.H., 2002. Active continental subduction and crustal exhumation: the Taiwan
orogeny. Terra Nova 14, 281–287.
Liu, Q., Polet, J., Polet, Komatitsch, D., Tromp, J., 2004. Spectral-element moment
tensor inversions for earthquakes in Southern California. Bull. Seismol. Soc. Am.
94 (5), 1748–1761.
Ma, K.F., Wang, J.H., Zhao, D., 1996. Three-dimensional seismic velocity structure of
the crust and uppermost mantle beneath Taiwan. J. Phys. Earth 44, 85–105.
Ma, S., Archuleta, J.R., Page, M.T., 2007. Effects of large-scale surface topography on
ground motions, as demonstrated by a study of the San Gabriel Mountains, Los
Angeles, California. Bull. Seismol. Soc. Am. 97, 2066–2079. http://dx.doi.org/
10.1785/0120070040.
McCulloh, T.H., 1960. Gravity variations and the geology of the Los Angeles basin of
California, U.S. Geological Survey. Profess. Pap. 400-B, 320–325.
Miksat, J., Wen, K.L., Sokolov, V., Chen, C.T., Wenzel, F., 2010. Numerical modeling of
ground motions in the Taipei basin–basin and source effects. Geophys. J. Int.
183, 1633–1647. http://dx.doi.org/10.1111/j.1365-246X.2010.04818.x.
Olsen, K.B., 2000. Site ampliﬁcation in the Los Angeles basin from three dimensional
modeling of ground motion. Bull. Seismol. Soc. Am. 90, S77–S94.
Patera, A.T., 1984. A spectral element method for ﬂuid dynamics: laminar ﬂow in a
channel expansion. J. Comput. Phys. 54, 468–488.
Rau, R.J., Wu, F.T., 1995. Tomographic imaging of lithospheric structures under
Taiwan. Earth Planet. Sci. Lett. 133, 517–532.
68 S.-J. Lee et al. / Journal of Asian Earth Sciences 87 (2014) 56–68Scott, A.A., Sitar, N., Lysmer, J., Deng, N., 1997. Topographic effects on the seismic
response of steep slopes. Bull. Seismol. Soc. Am. 87, 701–709.
Stidham, C., Süss, M.P., Shaw, J.H., 2001. 3D Density and Velocity Model of the Los
Angeles basin, in Geological Society of America 2001 Annual Meeting Abstracts,
vol. 33. Geological Society of America, Denver, Colorado, p. 299.
Suppe, J., 1981. Mechanics of mountain building and metamorphism in Taiwan.
Mem. Geol. Soc. China 4, 67–89.
Teng, L.S., 1990. Geotectonic evolution of late Cenozoic arc-continent collision.
Tectonophysics 183, 57–76.
Tromp, J., Komatitsch, D., Hjorleifsdottir, V., Liu, Q., Zhu, H., Peter, D., Bozdag, E.,
McRitchie, D., Friberg, P., Trabant, C., Hutko, A., 2010. Near real-time
simulations of global CMT earthquakes. Geophys. J. Int. 183, 381–389. http://
dx.doi.org/10.1111/j.1365-246X.2010.04734.x.
Tsai, Y.B., Teng, T.L., Chiu, J.M., Liu, H.L., 1977. Tectonic implications of the seismicity
in the Taiwan region. Mem. Geol. Soc. China 2, 13–41.
Tsuruoka, H., Rivera, L., Kawakatsu, H., Kanamori, H., 2009. Realtime source
inversion using W-phase and GRiD MT for regional tsunami early warning. AGU
2009, S13A–1732.
Wald, D.J., Heaton, T.H., 1994. Spatial and temporal distribution of slip for the 1992
Landers, California earthquake. Bull. Seismol. Soc. Am. 84, 668–691.Wang, C.Y., Lee, Y.H., Ger, M.L., Chen, Y.L., 2004. Investigating subsurface structures
and P- and S-wave velocities in the Taipei basin. Terr. Atmos. Oceanic Sci. 15,
222–250.
Wen, K.L., Peng, H.Y., 1998. Site effect analysis in the Taipei basin: results from
TSMIP network data. Terr. Atmos. Oceanic Sci. 9, 691–704.
Wen, K.L., Fei, L.Y., Peng, H.Y., Liu, C.C., 1995. Site effect analysis from the records of
the Wuku downhole array. Terr. Atmos. Oceanic Sci. 6, 285-29.
Woodhouse, J.H., Dziewonski, A.M., 1984. Mapping the upper mantle: three
dimensional modelling of earth structure by inversion of seismic waveforms.
J. Geophys. Res. 89, 5953–5986.
Wu, F.T., 1978. Recent tectonics of Taiwan. J. Phys. Earth 2, S265–S299.
Wu, F.T., Rau, R.J., Salzberg, D., 1997. Taiwan orogeny: thin skinned or lithosperic
collision? Tectonophysics 274, 191–220.
Wu, Y.M., Shyu, J.B.H., Chang, C.H., Zhao, L., Nakamura, M., Hsu, S.K., 2009. Improved
seismic tomography offshore northeastern Taiwan: implications for subduction
and collision processes between Taiwan and the southernmost Ryukyu. J.
Geophys. Res. 178, 1042–1054. http://dx.doi.org/10.1111/j.1365-
246X.2009.04180.x.
Yu, S.B., Chen, H.Y., Kuo, L.C., 1997. Velocity ﬁeld of GPS stations in the Taiwan area.
Tectonophysics 274, 41–59.
